Hindlimb unloading (HU) in rodent is a well-accepted ground-based model used to simulate some of the conditions of space flight and reproduce its deleterious effects on the musculoskeletal, cardiovascular and immune systems. In this study, the effects of HU on lymphocyte homeostasis in the spleen and thymus of mice were examined. HU was found to drastically deplete various cell populations in the spleen and thymus. These changes are likely to be mediated by apoptosis, since DNA strand breaks indicative of apoptosis were detected by terminal deoxynucleotidyl transferase-mediated nick end-labeling in both splenocytes and thymocytes. Surprisingly, administration of opioid antagonists or interference with the Fas-FasL interaction was able to block HU-induced reductions of splenocytes, but not thymocytes. On the other hand, steroid receptor antagonists blocked the reduction of lymphocyte numbers in both spleen and thymus. Therefore, the effects of HU on the homeostasis of splenocytes and thymocytes must be exerted through distinct mechanisms.
INTRODUCTION
Bi-directional interactions between the immune and neuroendocrine systems play a critical role in the maintenance of immune homeostasis [1, 2] . These interactions influence antibody and cytokine responses, cytolytic ativity and proliferation of lymphocytes [3] , as well as the lymphocyte pool in various organs [4, 5] . Cytokines produced during immune responses also exert effects on hypothalamic-pituitary-adrenal (HPA) hormone secretion [6] and neural signal transmission [7, 8] . In addition, cells of the immune system produce some hormones and neurotransmitters and express receptors for them. Recent progress in psychoneuroimmunology has revealed that stress can affect the immune system through these interactions [9] [10] [11] . Numerous studies have shown that exhausting physical activity and severe environmental and/or psychological stress have strong suppressive effects on the immune system [12] . Such suppression has significant implications for the susceptibility onset, course, and outcome of diseases such as cancer [13] [14] [15] , autoimmunity [15, 16] and infections [15, 17] .
Using various model systems, it has been demonstrated that stress may either enhance or impair immune functions, depending on its mode and duration [18, 19] . It is generally accepted that acute stress boosts immune system function, while chronic stress is often suppressive. The immuosuppression resulting from chronic stress is due in part to a reduction in lymphocyte numbers [20] [21] [22] . Consequently, stress-induced lymphopenia has been observed in surgical patients [23] , over-exercised athletes [24] , persons under various psychological stresses [25, 26] , and animals subjected to physical restraint [15, 27] . While several immune effects have been shown to be associated with stress, the exact mechanisms remain to be elucidated, especially in different organs of the immune system. Using a wide variety of techniques to detect apoptosis, others and we have found that lymphopenia observed after exposure to stress is in fact due to the induction of apoptosis.
NK cells, Sertoli cells of the testis, corneal epithelium, and the retina of the eye. Mutation of either Fas (lpr) or FasL (gld) results in lymphadenopathy and splenomegaly, and accelerates autoimmune disease in both mice and humans [42] . Our studies have revealed that the expression of Fas can be strongly induced by opioids, whether exogenously administered or produced endogenously [43, 44] .
During space flight, immune system function is dramatically affected. A number of laboratories have demonstrated that space flight has profound effects on many immunological parameters in humans and animals, including decreases in leukocyte blastogenesis and natural killer cell activity, alterations in leukocyte subset distribution and cytokine production, abnormal macrophage maturation and activity, and increased monocytosis and lymphopenia [45] . These effects may result from stressors encountered during space flight.
Hindlimb unloading (HU) in rodents is a well-accepted ground-based model system used to simulate some of the deleterious conditions of space flight. In this study, we show that splenocyte and thymocyte numbers are dramatically reduced in mice subjected to HU and that blocking of opioid receptors or the Fas-FasL interaction nearly eliminates the reduction of splenocytes, but not thymocytes, suggesting that the mechanism mediating HU-induced apoptosis in peripheral lymphoid organs differs from that in the thymus.
MATERIALS AND METHODS

Animals
Six to eight-week-old male Balb/c mice were purchased from the National Cancer Institute (Fredrick, MD). They were housed in barrier conditions under controlled temperature and light cycle in the vivarium of Robert Wood Johnson Medical School, with food and water provided ad libitum. Animals were allowed to rest for at least one week following shipment and were age-matched in each experiment. Experimental procedures were approved by the Institutional Animal Care and Use Committee and carried out under ve-terinary supervision.
Hindlimb unloading
Mice were individually housed in cages manufactured according to Chapes, et al. [46] . Food and water were provided ad libitum, and the amounts consumed were similar in both HU-treated and control mice. HU-treated mice, however, lost about 10% of their body weight during the course of the treatment. HU was carried out as described by Belay, et al. [47] ; in this system, mice are suspended by the tail using a strip of adhesive surgical tape that is attached to a chain hanging from a pulley, such that only the forelimbs touch the floor. The pulley suspension allows freedom of movement laterally while maintaining a [25] [26] [27] [28] [29] [30] o angle between the longitudinal body axis and Apoptosis is an evolutionarily conserved 'cell suicide' program present in all nucleated metazoan cells [28] [29] [30] . Despite its highly conserved nature, it is only recently that some of the molecular mechanisms underlying apoptosis have been identified [31] . Apoptosis is now known to be an active cell death process characterized by activation of proteases, auto-destruction of chromatin, nuclear condensation, and cellular membrane blebbing [32] . This gene-directed process is responsible for the widespread and deliberate elimination of excessive cells during development and in pathophysiological processes. In the immune system, apoptosis occurs physiologically during lymphocyte repertoire selection and in the course of normal immune responses. One of the better-characterized systems in which apoptosis occurs is the activationinduced cell death (AICD) of T cells, in which apoptosis can be induced specifically in immature thymocytes in vivo by administration of antibodies against the TCR complex [33, 34] . This was also observed in fetal thymic organ culture, using either antibodies against CD3 [35] or the superantigen, staphylococcal enterotoxin B [36] . AICD in immature thymocytes is believed to drive the negative selection of autoreactive T-cells during their development in the thymus. Mature T cells are generally believed to be resistant to AICD, but when primary activated mature T cells are activated again, the majority do undergo apoptosis, a finding confirmed in both mouse [37] and human cells [38] . AICD of mature T cells is considered a fundamental mechanism for the elimination of excess peripheral lymphocytes, which is essential for maintaining immune homeostasis following an immune response. Defects in this programmed removal mechanism could therefore lead to an accumulation of potentially autoreactive lymphocytes. On the other hand, excessive apoptosis may cause immunodeficiency, a prime example being HIV-induced helper T cell apoptosis in AIDS.
Fas antigen is a type I membrane protein of 45 kDa that belongs to the tumor necrosis factor (TNF) receptor/ nerve growth factor receptor family. It is expressed on a variety of cell types including activated T cells and B cells, hepatocytes, and ovarian epithelial cells [39] . It is also detected in solid tumors of the breast, ovary, colon, prostate, and liver. Ligation of this molecule with specific antibodies or its natural ligand (FasL) usually induces rapid apoptotic cell death. FasL is a 40 kDa type II membrane protein belonging to the TNF family [40, 41] . Its expression has been detected in activated T cells,
Statistical analysis
Each experimental group consisted of at least four mice and all experiments were done at least twice. Differences in subpopulation of lymphocytes between treatment and control group were analyzed by Student' s t-test, and differences between treatment groups were analyzed by ANOVA.
RESULTS
Hindlimb unloading (HU) causes severe depletion of lymphocytes in the spleen and thymus
We have reported previously that mice subjected to confinement stress show significant reductions in splenocyte numbers [44] . We have now observed a similar loss of cellularity in mice after hindlimb unloading (HU), a ground-based animal model simulating some conditions of space flight. In these experiments, mice were suspended by tail traction (body axis at [25] [26] [27] [28] [29] [30] o angle with cage floor) so that only the forelegs contacted the floor. Controls were housed under identical conditions, with the tail taped, but not suspended. Mice from each group were sacrificed after the indicated intervals, and cell number and phenotype in the spleen and thymus determined. As shown in Table 1 , after two days of HU treatment, the number of T cells in the spleen were reduced by 45%, while CD19 + B cells were slightly less affected. After 4 days, 50% of splenic T cells and B cells were lost. In the thymus, immature CD4 + CD8 + thymocytes were the most sensitive, dropping by 70% after only two days. The total number of mature single positive (CD4 + CD8 -or CD4 -CD8 + ) thymocytes was also reduced, but to a lesser degree, each decreasing by more than 60% on day 7. Thus, HU caused dramatic drops in thymic and splenic lymphocyte numbers.
cage floor, preventing load bearing on the hind limbs. Control mice were housed under similar conditions, except that, while the tail was taped, it was not raised, and all limbs were in contact with the floor. In some experiments, specific receptor-ligand interactions were blocked by i.p. injection of mice 2 h. before HU-treatment with one of several reagents (dissolved in 100 µl physiological saline). These were: Fas-Fc fusion protein, a soluble chimera of the Cγ1 region of human Ig and the extracellular domain of murine Fas that binds FasL [48] , or anti-FasL antibody (MFL3, BD-Pharmingen), each at 150 ug, to neutralize FasL; naltrexone, an opioid-receptor blocker, or RU486, a corticosteroid receptor antagonist, each at 10 mg/kg (Sigma Chemical, St. Louis, MO). All experiments were repeated at least twice.
Cell counts and surface marker analysis
Single-cell suspensions were prepared from spleen and thymus by grinding minced tissue from the entire organ between the frosted ends of two glass microscope slides. Cells were then washed, resuspended in complete medium, and enumerated on a hemacytometer. To determine the expression of specific surface markers, cells were stained with FITC-or PE-conjugated antibodies against CD4, CD8, or CD19 according to standard methods, and analyzed on a FACScan flow cytometer by two-color analysis (BD Bioscences, Mountain View, CA).
TUNEL assay
To detect apoptotic cells, terminal deoxynucleotidyl transferasemediated deoxyuridine nick end-labeling (TUNEL) staining was performed on lymphoid organs in situ using a commercially-available kit from Intergen (Purchase, NY). Accordingly, spleen and thymus samples were fixed with 10% formalin, embedded in paraffin, and thin sections stained by TUNEL according to kit instructions. Thus, 3'-OH ends of fragmented nucleosomal DNA of apoptotic cells were specifically labeled using exogenous terminal transferase and dUTP, then detected with fluorescein-labeled antibody specific for deoxyuridine. Sections were then examined by fluorescence microscopy for positive staining. Effect of blocking corticosteroid receptors and opioid receptors on HU-induced lymphocyte reduction. Mice were treated with naltrexone (an opioid receptor blocker) or RU486 (a steroid receptor antagonist) daily while subjected to HU for 2 days, and the effect on splenic (A) and thymic (B) cellularity measured by counting total lymphocytes (x 10 6 ) in single-cell suspensions prepared from each organ. HU-induced splenocyte reductions were reversed by either naltrexone or RU486, while thymocytes were rescued only by RU486. *p<0.01 for HU-only group vs. control, HU + naltrexone, and HU + RU486 in spleen (A), and for HU-only group vs. control and HU + RU486 in thymus (B).
468
thereafter, while subjected to HU for 2 days. We found that naltrexone dramatically inhibited splenocyte depletion (Fig 2A) . Daily administration of RU486, a steroid receptor antagonist, similarly prevented splenocyte depletion, an interesting finding considering that some effects of endogenous opioids are exerted through the induction of corticosteroid production [50, 51] . It is also possible that endogenous opioids and corticosteriods each act independently on splenocytes. In any case, the link between corticosteriods and endogenous opioids in the modulation of splenocyte homeostasis warrants further investigation. In contrast to the spleen, thymocyte reduction after HU was blocked by RU486, but not naltrexone (Fig 2B) , indicating a critical role only for corticosteriods in this process. This is in agreement with the reported key role of corticosteriods in opioid-mediated thymocyte reduction. Thus, HU-induced reductions in splenocytes and thymocytes are each regulated by different mechanisms.
Blocking the Fas-FasL interaction in HU-induced lymphocyte reduction
We previously showed that blockade of the interaction of Fas and its ligand inhibits lymphocyte losses
The role of endogenous opioids and corticosteroids
Our previous investigations revealed that splenocyte reductions resulting from confinement stress depend on endogenous opioids, since blocking of opioid receptors with naltrexone or naloxone abolished this effect [44] . This finding was recently corroborated using µ-opioid receptor knockout mice [49] . To determine whether endogenous opioids play a similar role in the lymphocyte reduction seen in HU treatment, Balb/c mice were injected with naltrexone (10 mg/kg i.p.) 2 h before, and daily
Hindlimb unloading induces apoptosis in the spleen and thymus
HU-induced splenocyte and thymocyte losses may be mediated by two possible mechanisms: cell emigration or cell death by apoptosis. Therefore, we examined the presence of apoptotic cells in histological sections of spleen and thymus using the TUNEL staining technique to reveal DNA strand breaks typical of apoptosis. We found that a significant number of cells in the spleen underwent apoptosis after mice were subjected to HU, while only a few apoptotic cells were observed in tissue sections of control mice (Fig 1) . Thus, HU-initiated depletions in splenocyte and thymocyte numbers were due, at least in part, to the induction of apoptosis. 
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space for experimental purposes, however,the molecular mechanisms underlying these changes remain unknown. Hindlimb unloading (HU) of rodents is a well-accepted ground-based model system that simulates some of the deleterious conditions of space flight. Here, we used this model to show that splenocyte and thymocyte numbers are dramatically reduced in HU-treated mice. The lymphocyte reductions in these organs are in part a consequence of increased apoptosis. Blocking of opioid receptors or the Fas-FasL interaction nearly eliminated splenocyte reduction, while thymocyte reduction was unchanged. But pretreatment with RU486, a steroid receptor antagonist, prevented depletion of both splenocytes and thymocytes. Thus, our results indicate that reductions in both splenocyte and thymocyte numbers that result from a chronic stress like HU are dependent on glucocorticoids, but only splenocyte depletion occurs mainly through endogenous opioid-dependent Fas-mediated apoptosis.
The immune system is compartmentalized into different organs and the stress response is unique in each. We observed that hormones of the hypothalamic-pituitaryadrenal (HPA) axis and endogenous opioids have divergent roles in the spleen and thymus of HU-treated mice. In this model, lymphocyte reduction in spleen is likely due to Fas-mediated apoptosis, but not so in the thymus. We also found that endogenous opioids affect these organs differently.
The interactions of the neuroendocrine system with the immune system and its importance in mediating disease are receiving increasing attention [10] . The primary hormonal pathway by which the central nervous system regulates the function of the immune system is the HPA axis [1] . Glucocorticoids are the final effectors of the HPA axis and participate in the control of whole body homeostasis as well as the organisms' response to stress [1] . Glucocorticoids act through ubiquitous cytoplasmic receptors; upon binding their ligand, glucocorticoid receptors translocate to the nucleus, where they interact as homodimers with specific glucocorticoid responsive elements within DNA to activate appropriate hormone-responsive genes. We observed that pretreatment with RU486, a steroid receptor antagonist, prevented depletion of both splenocytes and thymocytes in response to HU treatment.
Stress induces the production of various hormones and neuropeptides [44] . Glucocorticoids and endogenous opioids are the best-recognized of these mediators that
DISCUSSION
The immune system is affected by stress via hormonal and neuronal pathways in response to various physiological stressors including space flight. A number of laboratories have demonstrated that space flight has profound effects on immunological parameters in humans and animals, such as leukocyte blastogenesis, natural killer cell activity, leukocyte subset distribution, cytokine production, macrophage maturation and activity, monocytosis and lymphopenia. Due to severely limited access to outer due to restraint stress, a result confirmed by a recent study [44] . To investigate the effect of increased Fas activity on lymphocyte depletion in HU, FasL was neutralized by administering a FasL-specific antibody or FasFc fusion protein, a soluble form of Fas which binds FasL, before a 2-day HU-treatment. Both agents prevented HU-induced splenocyte reduction, but had no effect on thymocyte reduction (Fig 3 and data not shown) indicating that splenocyte loss from HU treatment is mediated by the Fas-FasL interaction, while thymocyte loss is not. After a full week of hindlimb suspension, however, this intervention became less effective with splenocytes (data not shown), suggesting that besides the Fas-FasL interaction, there may be additional mechanism(s), such as free radicals, that also control lymphocyte survival. modulate the immune response. Glucocorticoids play a critical role in modulating various physiological processes under stress conditions. Endogenous opioids are known to be elevated by stress and play a critical role in regulating stress-induced changes in the immune system. It is known that opioids induce the production of glucocorticoids via the HPA axis. Recent study has revealed that stress-induced lymphocyte reduction in spleen is dependent on endogenous opioids [44] . The interaction of glucocorticoids and endogenous opioids in stress-induced effects on immune system remain to be elucidated.
